Abstract-The computer simulation of mechanical behavior of strands in a cable-in-conduit (CIC) conductor analyzed by Monte Carlo method has been carried out for analyzing the stability of the CIC Conductor. In the CIC Conductor, the mechenical behavior of strands during energizing has not been evaluated sufficiently and hence the quantitative evaluation of the frictional heating, the contact stress between strands and the coupling losses that determine the stability of a CIC Conductor have not been clarified. A CIC Conductor with 38% of void fraction were constructed in a computer by compressing the cable. In the Monte Carlo method, the position of strands which were divided into mesh were changed to minimize the potential energy. It could simulate the strand motion induced by the Lorentz force and the change of the contact stress distribution between strands.
I . INTRODUCTION
For the large scale superconducting magnet, a cablein-conduit (CIC) conductor has been used because it has high cooling capability, high mechanical rigidity, and high insulating capability[ 11- [3] . The quantitative discussion about the frictional heating induced by strand motion and the contact stress between strands of CIC conductor has not been made because the behavior of strands during energizing has not been clarified. If the strand positions in the conduit are clarified, the current imbalance may be also evaluated because tlie inductance of each strand can be estimated.
To analyze the strand motion in a conduit, the method where the equations of motion of each strand are solved with time has been developed [4] , [5] . This method, called wire
Fig. 1. Model of 1st (left) and 2nd (right) stage cable
Manuscript received Sept. 14, 1998. dynamics simulation, was applied to the CIC conductor. However, it takes much time to simulate the strand motion in a large system. The purpose of the work is to develop a new method to simulate the mechanical behavior of strands in larger system. In this work, Monte Carlo method was employed. Tlie behavior of strands during energizing is reported together with the developed method.
D. CALCULATION PROCEDURE
The models of the 1st and 2nd stage cable for the calculation are shown in Fig.1 . The strands were divided into meshes and the interaction between them was calculated. Table. 1 shows the parameters of the 1st and 2nd stage cable.
In the analysis, the position of each mesh which gives the minimal potential energy of the system was calculated. Each mesh was moved small distance decided by the random number and then the potential energy was calculated. The potential energy before and after the movement were compared. When the potential energy after the movement was lower than that before, the strand positions were renewed as the more stable positions. When the potential energy after the movement was higher than that before, the strand position was not accepted. The procedure was performed in all meshes. This one run is called ' I Monte Carlo Time'. T h~s process was continued until tlie potential energy come to be stable. Then the stable position as the minimum potential energy can be realized. Contact stress between strands, reaction force between strands and conduit, and macroscopic mechanical property of cable can be obtained from this position.
The energies considered in this work are 1) 'Est', tlie strain energy induced by the stretclung the strand calculated by Hooke's law, 2) 'Ebend', the bending energy of the strands calculated by the beam theory, 3) 'Econtact', the strain energy between strands due to strand deformation in radial direction, and 4) 'Ereact', the strain energy between strands and conduit. 'Econtact' and 'Ereact' were calculated from Hertz's equation. Tlie electromagnetic energy, 'Eelect' was also considered. The potential energy of each mesh was calculated and the total sum of the potential energy,'Etotal' was defined as the potential energy of tlie whole cable. To examine the validity of the simulation, three kinds of compression test of the 2nd stage cable were performed.
The initial position of the strand was arranged as shown in Fig.2 . Open circles indicate the position of each mesh. The strand was compressed in three different conditions that is 1) compressed freely in vertical direction,'conditionl ' 2) compressed between walls, 'condition2' and 3) compressed to set the void fraction 38%,'condition3'. The each condition is presented schematically by insertion in Fig.3 and Fig.4 . do not spread in horizontal direction due to the walls. In order to set the void fraction 38%, the strands were compressed not only vertical but also horizontal direction. Fig.5 shows the strand position in the conduit with 38% void fraction. The load-displacement curves obtained in 'conditionl' and 'condition2' are presented in Fig.6 . Due to the constrain by the walls the load-displacement curve obtained in 'condition2' shows higher rigidity than that in 'condition1 '. The experimental results were considered to be reproduced by the simulation and hence it can be thought that the validity of the analysis was confirmed.
B. Radial Deformation of Cable
For the large scale simulation, two-dimensional analysis was camed out because it takes inuch time to perform the three dimensional system. The number of the strands in the sirnulation was 486. Based on the threedimensional analysis of the 1st stage cable, the deformation energy of the strand in radial direction was calculated. The deformation energy was described by 'Est', 'Ebend', and 'Econtact '.
The model for estimating the deformation energy is shown in Fig.7 . Tbo strands of 1st stage cable are fixed and the other strand was moved. The energy after movement can be described by the distance, Ad, and the directional angle, 0 . The sum of 'Est' and 'Ebend' are plotted against Ad changing 0 as shown in Fig.8 . 'Estiff, defined as the sum of 'Est' and 'Ebend', depends on the angle and the distance. The three dimensional deformation can be equivalently expressed two dimensionally by 'Estiff. The same assumption was made in higher strand cable and then the 
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Magnetic field (T) 5.0 three dimensional deformation can be simulated two dimensionally.
C. Last Stage Cable
The strand motion dnrii;g energizing llie CIC conductor was calculated. Table. 2 show tlie parameters of CIC conductor. Initial position of strands of the last stage cable before compaction is shown in Fig.9 . The last stage cable was encapsulated in the conduit and the void fraction was set at 38%. Fig.10 shows the change of 'Etotal' with Monte Carlo time. After 400 Monte Carlo time, 'Etotal' comes to be constant. The change of 'EstilT and 'Econtact' are also presented in this figure. 'Estiff increases monotonously as 'Econtact' decreases during relaxation. TO reduce the 'Etotal', it is effective to reduce 'Econtact' because 'Econtact' is much larger than 'Estir . It means strands move to reduce the radial deformation. It suggests that 'Estiff is realistically introduced. In Fig. 11 . the stable position of strands encapsulated in the conduit is presented. Next the CIC conductor energized up to 3 1.3kA in the external field of 5T. An external magnetic field is vertically applied in +Y direction considering the coil radius is much larger than the conduit size. Lorentz force applies to strands in +X direction. The position of strands at 3 1.3kA of transport current is shown in Fig. 12 . Each strand moves in +X direction and the strands are pressed to the conduit wall and some of strands are in contact with the conduit wall. The density of the strands near right edge is higher than that near left edge in the conduit. These results can explain the phenomenon occurred in the CIC conductor [6] , [7] . Fig. 13 shows the distribution of the contact stress between strands before and during energizing. It is confirmed that the contact stress during energizing shifts to higher stress compared with that before energizing. The strands make additional contact with other strands due to Lorentz force. The number of contact strands during energizing increases. The increase of the contact stress and the contact number of strands would increase the coupling losses. Using this method the stability of the CIC conductor would be evaluated.
IV. CONCLUSION
A method to evaluate the strand position in the CIC conductor has been developed. The method developed in this work enables to calculate tlie stable position of the strands, tlie movement of strands during energizing, the distribution of contact stress between strands, and the loaddisplacement curves of the cable. It is expected that the method has the possibility to give the design standard for the stable CIC conductor. For more detailed simulation, the following studies are now under investigation: 1) the change of flow resistance of liquid helium in the conduit, 2) the 
